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Abstract—Under fault-tolerant control strategies without
considering the winding insulation aging, the insulation
reliability will decrease due to excessive current. This paper
establishes an optimum fault-tolerant control strategy with one
phase open-circuit for five-phase induction motors, in which
insulation reliability is considered. Firstly, the insulation
reliability model under various temperatures is established
based on accelerated degradation data. Meanwhile, the
prediction model of remaining useful life for motor is obtained
based on Bayes theory. Secondly, a temperature prediction
model based on the three-node lumped parameter thermal
network is established to predict the winding temperature in
fault-tolerant modes. Therefore, an optimal fault-tolerant
control model for five-phase induction motors is established and
the reconfigured fault-tolerant current is calculated. Finally,
under the hysteresis current control method, the motor will
maintain a new fault-tolerant control state. This paper verifies
that the fault-tolerant control strategy considering the
insulation reliability of windings still ensures the running
performance, and prolongs the motor service life.

Keywords—insulation reliability, five-phase induction motors,
remaining useful life, temperature prediction, reconfigured fault-
tolerant current

l. INTRODUCTION

Compared to traditional three-phase motors, multi-phase
motor is widely used in conditions with high reliability
requirements for motors such as airplanes and warships, due
to its features of high efficiency and reliability [1]-[3].
Researchers have proposed various fault-tolerant control
methods for one phase open-circuit faults in electric motors,
aiming at different targets, such as ensuring minimum copper
loss method [4]-[6] or limiting post fault torque ripple [7]-[9].
These methods optimize the amplitude and phase of normal
phase currents during the motor's phase-fault operation. By
employing hysteresis current control, motor achieves fault-
tolerant and disturbance-free operation, leading to smooth
torque output[10].

Under the influence of thermal stress, the motor's phase-
fault operation disrupts the temperature balance, leading to

*Corresponding author.

E-mail address: lengfeng2014@qqg.com

This work was supported in part by the Ningbo science and technology
innovation 2025 major project (20211ZDYF020218) and in part by the National
Natural Science Foundation of China under Grant 51977192 and 51827810.

excessive localized temperature rise in the windings [11].
Operating in a fault-tolerant mode without derating
significantly increases the internal temperature rise, which can
potentially result in thermal issues such as aging of winding
insulation. This could shorten the winding lifespan, making it
disadvantageous for fault motors that require reliable
operation over a certain period [12]-[14].

In order to mitigate excessive thermal stress, the control
methods proposed in [15] and [16] aim to maintain
consistency in the maximum values of phase currents before
and after the fault. However, these methods require the motor
to operate at lower torque levels. On the other hand, the total
losses of the windings were kept constant to compensate for
the derating of motor in [17]. The above-mentioned studies
primarily focus on limiting the internal temperature rise of the
motor by constraining the currents within predefined
thresholds, but they do not address the assessment of winding
insulation reliability. It can be noted that comprehensive
investigation regarding the motor's temperature rise, an
important factor closely related to its reliability, remains
limited.

To enhance the reliability and operational performance of
FPIM (Five Phase Induction Motor) systems, it is essential to
combine the aging characteristics of motor insulation
materials and investigate insulation reliability based on the
maximum temperature rise of the windings. Therefore,
insulation reliability has to be fully considered for FPIM fault-
tolerant control.

Il. INSULATION RELIABILITY MODEL

A. Accelerated degradation experiment for the winding
insulation

Several motor winding insulation materials were selected
as test samples for constant temperature stress accelerated
degradation tests at different temperature stress levels. The PD
(Partial Discharge) magnitude was used as the degradation test
data and also as a characteristic of the RUL (Remaining
Useful Life) of motor winding insulation. Let Qjx represent
the PD quantity obtained from the j'th accelerated degradation
test of the i'th test sample at the k'th temperature stress level.
Let AQu =Qu-Qqu« represent the PD degradation
increment of the i'th test sample at the k'th temperature stress
level from the j'th to (j+1)'th test. Aty =t —t.; represents the
time increment, where i=23,...,n i=L42,...,m
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ABSTRACT

Multiphase motors can maintain fault-tolerant operation under open-circuit faults
because of their redundant phase design. As a result, they have attracted attention in new
energy vehicles, military ships, and aerospace applications. Under open-circuit conditions,
however, the winding current often exceeds its rated limit, causing a more pronounced
temperature rise. Traditional fault-tolerant strategies either do not fully account for the impact
of temperature on insulation lifetime or cannot dynamically evaluate reliability changes under
fault-tolerant operation. Hence, they cannot satisfy the need for long-duration, high-reliability
operation in faulty conditions. In addition, predicting winding temperature under open-circuit
faults differs from normal conditions because the heat sources are distributed unevenly. To
improve the reliability of multiphase motors in fault-tolerant states, three main areas need
attention: (1) rapid prediction of the temperature field under open-circuit operation, (2)
evaluation of insulation reliability at different temperature levels, and (3) design of a control
strategy based on reconstructed fault-tolerant currents.

To address these issues, this paper conducts the following work:

(1) Rapid winding temperature prediction under open-circuit operation. Taking a seven-
phase induction motor as an example, we first create a Lumped Parameter Thermal Network
(LPTN) that includes all winding nodes. We use a sequential quadratic programming method
to calibrate key thermal parameters. After removing low-contribution thermal resistances and
retaining important winding nodes in series and parallel connections, we obtain an eight-node
LPTN. Based on this model, we propose a simplified method for computing stator winding
temperature. Experimental data from normal and open-circuit fault conditions confirm the
accuracy of this prediction model.

(2) Fault-tolerant current calculation considering insulation reliability. Traditional fault-
tolerant current calculations often ignore how excessive temperature reduces winding
insulation life. Therefore, we establish a fault-tolerant current calculation model that accounts
for the insulation reliability of a seven-phase induction motor. First, we perform accelerated
aging tests on the winding insulation material and build a thermal aging model based on a
Wiener process to analyze its reliable lifetime. This helps identify the weak links in winding
reliability. Next, we keep the stator magnetomotive force (MMF) the same before and after
the fault and introduce a new current constraint based on hot-spot temperature. This lets us

solve for the fault-tolerant current under open-circuit conditions. Finally, simulations

VI



combining the thermal network with extrapolated reliability curves validate the effectiveness
of the proposed approach.

(3) Slip-frequency rotor field-oriented control with reconstructed fault-tolerant currents.
Using the reconstructed fault-tolerant current as a basis, we develop a slip-frequency rotor
field-oriented control model that takes insulation reliability into account. We establish the
mathematical model of a seven-phase induction motor and derive its variables in both the
fundamental and harmonic subspaces. By decoupling the fault-tolerant current across different
subspaces, we obtain reference current coefficients for each subspace and incorporate them
into the rotor field-oriented control loop. Load tests verify the steady-state performance and
dynamic response of this strategy. We also compare it with conventional methods under rated

torque and torque overload conditions to show the benefits of considering insulation reliability.

KEY WORDS: Multiphase Motor; Insulation Lifetime; Winding Temperature Rise; Fault-

Tolerant Current Calculation; Reliable Hotspot Temperature
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